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Abstract. One of the challenges faced today in a variety of geophysical4
applications is the need to understand the changes of elastic properties due5
to time-variant chemo-mechanical processes. The objective of this work is6
to model carbonate rock elastic properties as functions of pore geometry changes7
that occur when the solid matrix is dissolved by carbon dioxide. We com-8
pared two carbonate microstructures: porous micrite (“mudstone”) and grain-9
supported carbonate (“packstone”). We formulated a mathematical model10
that distinguishes the effects of micro- and macro- porosity on stiffness changes.11
We used measures of mechanical and chemical porosity changes recorded dur-12
ing injection tests to compute elastic moduli and compare them to moduli13
obtained from wave velocity measurements. In mudstones, both experimen-14
tal and numerical results indicate that bulk moduli change by less than 5%.15
The evolution of elastic moduli is controlled by macropore enlargement. In16
packstones, model predictions under-estimate changes of elastic moduli with17
total porosity by 10% to 80%. The total porosity variation is 60% to 75%18
smaller than the chemical porosity variation, which indicates that pore ex-19
pansion due to dissolution is counter-balanced by pore shrinkage due to com-20
paction. Packstone elastic properties are controlled by grain sliding. The method-21
ology presented in this paper can be generalized to other chemo-mechanical22
processes studied in rocks, such as dislocations, glide, diffusive mass trans-23
fer, recrystallization and precipitation.24
Keywords: carbonate; dissolution; microporosity; macroporosity; elastic-25
ity26
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1. Introduction
One of the challenges faced today in a variety of geophysical applications is the need27
to understand the changes of elastic properties due to time-variant diagenetic and meta-28
morphic processes [Ortoleva, 1994; Zhu et al., 1995; Zhu and Wong , 1997; Evans et al.,29
1999]. Underlying pore deformation mechanisms are either purely mechanical (e.g., frac-30
turing at Hertzian contacts, grain sliding) or chemo-mechanical (e.g., pressure solution,31
dissolution, precipitation and healing via solution transfer and consequent cementation,32
crystal plasticity and lattice dislocation, and hydrothermal reactions). Mechanical sed-33
iment consolidation and chemical microstructure changes are often treated separately,34
despite the coupling that has been observed between the two [Scholz et al., 1995]. For in-35
stance, under a constant stress, dissolution lowers rock strength and leads to grain sliding36
and compaction [Vanorio et al., 2014]. Chemical compaction is accomplished by solution-37
transfer [Durney , 1972]: dissolution at points of greatest stress (i.e., grain contacts) and38
re-precipitation in lower-stress regimes in the adjacent pores. Organic maturation and39
thermochemical transformation of the mineral phase can create aggressive fluids charged40
with organic acid, carbon dioxide and hydrogen sulphide [Mazzullo and Harris , 1992],41
which may either reduce porosity through cementation and pressure solution [de Meer42
and Spiers , 1999], enhance pre-existing pores, or create new ones through cement disso-43
lution and pore-pressure build-up [Mazzullo et al., 1996].44
Experiments performed in geochemistry and in rock physics are based on different types45
of material, parameters, scales of investigation, and pressure and temperature conditions.46
Studies of reaction mechanisms and kinetics focused on mineral powders, which allowed47
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understanding the influence of pressure, temperature and fluid composition [Heinrich48
et al., 1989; Tanner et al., 1985] as well as that of reactant surfaces and nucleation pro-49
cesses on reaction kinetics [Dachs and Metz , 1988; Schramke et al., 1987; Lüttge and Metz ,50
1991]. However, models were not applicable to natural systems, due to the large porosi-51
ties of the powders, the large surface areas of the mineral reactants, and the abundant52
fluid phases [Lüttge and Metz , 1993]. Moreover, experiments performed in a batch as-53
sume that the thermodynamic system under study is closed, which is of limited interest54
in Earth sciences [Steefel and Maher , 2009]. Experimental analogs were used in order to55
observe chemo-mechanical changes of pore geometry at a larger scale than that of actual56
rock pores. For instance, Sprunt and Nur [Sprunt and Nur , 1977] experimentally showed57
that a spherical hole drilled centrally within slabs of different materials increased in size58
because the solid matrix dissolved; the holes also flattened in the direction normal to com-59
pression stress, which implies a change in the stiffness of the hole. In a porous medium,60
pore space compressibility is defined as the ratio of the fractional change in pore volume,61














In which Φ is porosity and Ks is the bulk modulus of the solid grains. Vanorio et al.64
[Vanorio et al., 2014] found that the pore space compressibility 1/KΦ of the original rock65
plays a key role in defining different styles of modifications of the pore network.66
Gassmann’s model [Gassmann, 1951] is used as a general basis for interpreting the67
effect of fluids on both log and seismic velocity data. Vanorio et al. [Vanorio et al., 2014]68
emphasized that the model scheme performs a simple fluid substitution, predicting the69
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change in moduli and density of the rock by replacing one pore fluid with another, and70
then converting the predicted moduli and density back to velocities. In such a scheme,71
the rock-fluid interaction is treated as a purely mechanical problem: that is, the change in72
seismic velocity depends only on the compressibility and density of the fluid (ρfl;Kfl), the73
physical parameters controlling them [Batzle and Wang , 1992], and the density and elastic74
moduli of the rock frame (ρdry;Kdry; Gdry). It is a common practice in the literature to75
include the time-variant effects on the properties of the fluid and the rock frame due to76
the variation of physical parameters, such as stress and temperature, which respectively77
induce compaction and fluid-phase changes [Nur and Thanh, 1984; Lumley , 2001; Guilbot78
and Smith, 2002; Hatchell and Bourne, 2005; Meadows et al., 2005]. A basic assumption79
of Gassmann’s theory is that the fluid and the rock matrix do not interact, implying80
that, when this occurs in situ, the elastic moduli of the rock frame and its porosity are81
treated as time-invariant parameters in a 4D scheme. Several studies reported instances82
of a significant change in S-wave velocity associated with enhanced recovery operations83
and CO2 injection, as well as time-lapse effects larger than those predicted by Gassmann’s84
model [Wang et al., 1998; Guilbot and Smith, 2002; Davis et al., 2003; Daley et al., 2008;85
McCrank and Lawton, 2009]. Inherently, Gassmann’s modeling cannot account for a86
change in the shear modulus, which in turn leads to changes in S-wave velocity. To match87
the observed changes, there is no choice but to invoke changes in effective stress [Wang88
et al., 1998; Gritto and Myer , 2004].89
This study builds upon the experimental work of Vanorio et al. [Vanorio et al., 2014],90
and aims to provide a modeling scheme to be used when a reactive fluid changes the91
pore space of a rock in response to microstructural adjustments as the fluid-rock system92
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attains a new chemo-mechanical equilibrium. To do so, we use microscopic observations93
from SEM images of pore dissolution and compaction in two carbonate microstructures,94
porous micrite (“mudstone”) and grain-supported carbonate (“packstone”). We propose95
a homogenization scheme that relates carbonate elastic moduli to the most important ge-96
ometric parameters of the microstructure identified in the experiments. Section 2 explains97
the experimental methods and modeling assumptions. Parametric studies are presented98
in Section 3. In Section 4, we compare model predictions of elastic moduli to experimental99
measurements, for the same porosity changes.100
2. Methodology
2.1. Materials
Following Dunham’s classification [Dunham, 1962], mudstone is defined as a matrix-101
supported carbonate rock that contains less than 10% of grains in the mud matrix (i.e.,102
microcrystalline calcite), whereas packstone is a grain-supported carbonate (i.e., grain-103
stone) that contains lime mud in the pore space. We used the experimental results re-104
ported in [Vanorio et al., 2014] to constrain our model of carbonate stiffness evolution.105
The depositional fabric of the mudstone samples corresponds to tight bioclastic carbon-106
ates (Φ ≤ 10%) characterized by an interlocked mosaic of micritic matrix (Figure 1). The107
packstone samples come from a depositional sequence that is typical of a transgressive108
systems tract that vary from chalky, whitish grainstones with variable micrite content109
(Figure 2) [Vanorio and Mavko, 2011]. Packstone samples show larger porosity ranging110
from 20% to 30%.111
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2.2. Experimental procedure and Observations
The overall experiment, described in [Vanorio et al., 2011, 2014], started with a baseline112
characterization of the samples’ porosity through Helium porosimetry and ultrasonic P-113
and S- wave velocity under controlled pressure conditions. PZT- crystals mounted on steel114
endplates of the core holder were used to generate P- and S- waves (1 MHz for P-waves and115
0.7 MHz for S-waves). Estimation of the accuracy in velocity and porosity was approxi-116
mately ±1%. During the experiment, the core plugs (1 in. diameter by approximately 1117
in. length) were jacketed with rubber tubing to isolate them from the medium exerting118
confining pressure. As a first step, the samples were loaded up step-wise to a confining119
pressure of 15 MPa. During this stage, samples were dry, and P- and S- wave velocities120
were recorded along the loading pressure path (pre-injection measurements). Then, sam-121
ples were injected with a pre-mixed, aqueous CO2 solution while being under confining122
pressure and ambient temperature conditions. The flow-through experiment was subse-123
quently performed by injecting volumes of fluid normalized by the sample pore volume,124
Vp. Pore pressure injection ranged between 10 MPa and 13 MPa. During injection, a con-125
stant downstream flow rate of 5 ml/min was maintained. The effective pressure ranged126
between 2 MPa and 5 MPa, depending on the trade-off between sample permeability and127
flow rate. Several cumulative injections were performed during each experimental run, up128
to Vp ' 500. The objective was to expose the samples to increasing Vp and to understand129
the role of the continued exposure on the trends of the measured elastic properties.130
After each injection, Helium gas was injected through the sample for 8 hours to ensure131
drying within the vessel. This allowed measuring and monitoring the variation of the132
properties of the frame alone while minimizing the potential influence of fluids on wave133
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propagation, e.g. the attenuation related to Wave Induced Fluid Flow or Biot mechanism.134
After each flooding-drying cycle, samples’ porosity and ultrasonic P- and S- wave velocity135
under pressure conditions were re-measured. The change in porosity was monitored by136
measuring two contributions: the loss in porosity due to compaction under stress and the137
enhancement of porosity from the dissolution of the frame and/or mechanical removal of138
particles occurring during injection [Vanorio et al., 2011]. The former can be approxi-139
mated by measuring the sample strain, while the latter comes from measuring the Ca and140
Mg cation concentration in the collected aqueous solution. To measure the strain, three141
linear potentiometers were used to measure length changes of the samples as a function142
of stress. The length changes were related to changes in porosity by assuming that pore143
contraction was the main cause of strain. The change in porosity due to dissolution was144










∆ΦC(ti) is the change in porosity calculated from the measured concentration of the147
dissolved cations over the period [ti−1, ti], between two fluid samplings. VREV is the148
volume of the sample (considered here as the Representative Elementary Volume, REV),149
ρs is the mass density of the REV solid skeleton (grain density). ∆mj is the change in150
mass due to the dissolution of the jth mineral over the period [ti−1, ti]. The mass change is151
calculated from the mean concentration Cj of the dissolved cations from the j
th mineral,152
the molecular weight Mw,j of the dissolving mineral species, and the volume of the injected153
fluid Vf (ti) (note: lab measurements of water hardness are in milligrams per liter and are154
equivalent to the product CjMw,j). The total net change in porosity is thus the resulting155
porosity from each component.156
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Upon sample recovery from the vessel, time-lapse SEM imaging of the samples was157
performed to relate changes in the measured physical properties to those in the rock mi-158
crostructure. Different imaging magnifications of the sample allowed different scales of159
observation, from micro- to macro- scale, that are used to inform the modeling strategy.160
Observations refer to changes with respect to the properties of initial microstructures,161
summarized in Tables 1 and 2. In tight mudstones (Figure 1), the shape and size of162
macropores are not significantly affected by dissolution and compaction (Figure 1(D)).163
Nevertheless, at higher magnifications, the microstructure shows an increase in microp-164
orosity (Figure 1(B)). Such an increase results from the decrease in size of the micrite165
grains, which are dissolved during the injection because of the higher surface area of this166
crystalline phase. In addition, as hypothesized in [Vanorio et al., 2014], the low per-167
meability of the sample favors a poor dewatering of the Ca2+ ion-rich water, leading to168
supersaturation. In turns, this leads calcite to precipitate and weld micro-grains together169
under the effect of pressure. As a result, micropores are either enlarged by dissolution or170
cemented by precipitation (Figure 1(B)). The direct consequence of these processes is that171
the enhancement of pore throats together with cementation does not contribute much to172
the total porosity or to the decrease in velocity. Porosity changes were half (' 2pu) of173
those measured in packstone, and velocity variations were less than 5%. Total porosity174
changes were similar to chemical porosity changes (calculated from mass changes) since175
negligible pore compaction was observed. Vanorio et al. [Vanorio et al., 2014] hypothe-176
sized that the change in velocity is controlled by a change in pore stiffness, i.e., a change177
in pore shape. This phenomenon can be explained by the the fact that stress around178
pores is not uniformly distributed due to the presence of rock heterogeneities. Dissolution179
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first takes place at points of high stress concentrations, which can result in pore shape180
changes [Lecampion, 2010].181
Conversely, the presence of the high-surface-area, micrite phase filling the macropores182
of the micrite-rich packstones samples (Figure 2(A)) leads to a different evolution of the183
microstructure upon injection, and hence of its elastic properties. At higher magnifica-184
tion, the evolution of the tight micrite porous matrix is similar to that observed in the185
microstructure of tight mudstones (Figure 2(D)), showing minimal changes. Nevertheless,186
at lower magnification, the images show that macro porosity increases at the expense of187
the porous micrite aggregates that are both dissolved and mechanically removed from188
pores upon injection (Figure 2(B)). The comparison between Figure 2(A) (before injec-189
tion) and Figure 2(B) (after injection) highlights two main changes: 1) a more porous190
microstructure exists after injection manifesting itself as pores free of micrite and 2) the191
sample experiences compaction due to slippage and/or local rearrangement of grains ac-192
commodating the dissolution of cement and micrite. Vanorio et al. [Vanorio et al., 2014]193
hypothesized that dissolution-induced compaction ultimately reduces the stiffness at the194
grain contacts. If contacts are not promptly re-cemented, the velocity of the rock frame-195
work is permanently reduced as fluid circulation proceeds. Injection was found to have196
a negligible effect on larger grains (Figure 2(B)) that are present in the microstructure197
because of micrite dissolution. Therefore, in the model proposed herein, we assumed that198
larger calcite grains keep the same size.199
Time-lapse images indicated changes with respect to the initial microstructure that were200
visible throughout the sample, from the top (Figures 2(A-B)) to the bottom (Figures 2(C-201
D)) where smaller micritic particles have disappeared and pits of dissolution have been202
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created on the grain surfaces. This observation implies that, though the fluid is buffered203
while travelling though the sample, the reaction front advanced at each injection, reaching204
the bottom of the sample. CT scan observations performed to compare rock volumes205
before and after injection showed that dissolution was highly heterogeneous [Vanorio206
et al., 2011], even when the volumetric flux was sufficient to guarantee both a low Peclet207
number (Pe) and a low product (less than 1) of the Peclet and Damkohler numbers (PeDa).208
Kang et al. [Kang et al., 2003] showed that when both Pe and PeDa are less than 1, the209
dissolution process is reaction-limited, which results in a uniform dissolution over all the210
solid walls. Vanorio et al. [Vanorio et al., 2011] attributed the selective dissolution to211
the heterogeneity of the starting microstructures, from mud- to grain- supported fabrics,212
controlling both the overall surface area of the samples and its permeability.213
2.3. Modeling Strategy
Based on the observations presented in Tables 1 and 2, we modeled mudstone (medium214
“M2”) as a mixture made of spherical macro-pores (“MaP,” about 10 µm in size) embed-215
ded in a porous micrite matrix (medium “M1”) containing spherical micro-pores (“MiP,”216
about 2-5 µm in size) and micrite grains (“Mic,” 4-6 µm in size). We modeled packstone217
(medium “P3”) as a mixture of tubular macro-pores (“T”) embedded in a porous skeleton218
(medium “P2”), made of large calcite grains (“Cal,” a few hundreds of microns in size),219
micrite grains and micropores. We calculated the elastic moduli of mudstone and pack-220
stone by homogenization. The main assumptions and computation steps are summarized221
in Tables 3 and 4, and detailed in the following.222
We determined the bulk and shear moduli of the porous micrite matrix (medium M1)223
by applying the self-consistent method [Berryman, 1980], in which micrite grains are con-224
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sidered as spherical elements, and micropores are considered as randomly oriented oblate225
spheroids (axes of dimensions a = b > c). Note that before CO2 injection, micropores are226
assumed to be spherical (Table 3). The equations of the model are reported in Appendix227
A. We determined the bulk and shear moduli of mudstone (medium M2) by applying the228
self-consistent method a second time (Appendix A), in which elements of porous micrite229
matrix (medium M1) are considered as spherical, and macropores are considered as ran-230
domly oriented oblate spheroids (axes of dimensions a = b > c), initially spherical before231
CO2 injection (Table 3). The bulk and shear moduli of mudstone macropores (noted232
KΦMaP and GΦMaP ) are the stiffness coefficients of oblate spheroidal inclusions, which can233










In which cMaP/aMaP refers to the aspect ratio of macro pores, and νM1 is the Poisson’s238
ratio of the porous micrite matrix (medium M1).239
In a former study [Vanorio and Mavko, 2011], packstone elastic moduli were obtained240
by applying the self-consistent method twice: once for the microporous micrite matrix241
P1 (in the same way as for medium M1 above), and once for a mixture made of micro-242
porous matrix (P1), calcite grains and macropores. The elastic moduli were then fitted243
to measures of wave velocity changes. The aspect ratio of macropores was estimated to244
be cMaP/aMaP = 0.08. As explained in Section 2, we modeled macropores as tubes with245
a cross section typical of inter-granular spaces. We calculated the bulk and shear moduli246
of packstone in three steps (Table 4). We used the same homogenization procedure as in247
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mudstone to obtain the elastic moduli of the micrite porous matrix in packstone (medium248
P1 = medium M1). Then we obtained the elastic properties of the skeleton of packstone249
(medium P2 = mixture of medium M1 and calcite grains) by applying the self consistent250
method a second time (details are provided in Appendix A). Macropores embedded in251
the solid skeleton of packstone were modeled as tubes of finite length lying between grain252
edges, as illustrated in Figure 3a. The position of the points that form the contour of the253
cross-section of such tubes can be parametrized in an (x, y) coordinate system, according254

















In which γ is a roundness parameter (Figure 3b). Calcite and micrite grains are assumed258
to be spherical; therefore, the geometry of the interstitial space between grain edges is259
assumed to be best represented by the shape parametrized by γ = 0. In this case, Mavko260


















In which KP2 and νP2 are the bulk modulus and Poisson’s ratio of packstone skeleton264
(medium P2), respectively. Like micropores, macropores are assumed to conserve the265
same kind of shape upon dissolution and compaction, so that Eq. 5-6 remain valid even266
when macro porosity changes during the reactive flow through experiment. Packstone267
D R A F T September 2, 2015, 3:19pm D R A F T
X - 14 ARSON AND VANORIO: CHEMO-MECHANICAL PORE-STIFFNESS MODEL





















3.1. Variations of mudstone stiffness with micro- and macro- porosity
Parametric studies were conducted with the model presented above. Figures 4 and272
5 show the evolution of the elastic moduli of the porous micrite matrix (medium M1)273
with microporosity and the evolution of the pores’ aspect ratio (c/a) upon dissolution.274
Figures 6a-6b show the variations of mudstone elastic moduli with microporosity and275
macro porosity. For a mudstone with an initial microporosity of 10% and an initial macro276
porosity of 1%, a 10% increase in microporosity (at constant macroporosity) makes the277
bulk modulus drop by more than 30%, and a 10% increase in macroporosity (at constant278
microporosity) makes the bulk modulus drop by 15%. Upon dissolution, the shape of279
macro pores evolves from a sphere to an oblate spheroid (more compliant than a sphere)280
and the stiffness of the micrite porous matrix decreases because microporosity increases281
(Figure 7).282
3.2. Variations of packstone stiffness with micro- and macro- porosity
In packstone, the increase of microporosity that occurs upon dissolution reduces the283
moduli of the porous micrite matrix (P1=M1) and those of packstone porous skeleton284
(P2), as illustrated in Figures 8a-8b. P2 elastic moduli are higher than P1 elastic moduli285
due to the presence of calcite grains. For instance, for a microporosity of 20%, the bulk286
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and shear moduli of P1 are 20% lower than those of P2. We verified that the composite287
moduli of P2 remains within Hashin-Shtrikman bounds. Because the P2 mixture contains288
calcite grains that are stiffer than medium P1, the elastic moduli of medium P1 are always289
inferior to P2 lower bound. Figure 9 shows that an increase of microporosity results in an290
increase of macropore compressibility, both because the volume of micropores increases291
and because the compressibility of micropores increases (due to the decrease in aspect292
ratio). Figures 10a-10b show the variations of packstone elastic moduli with microporosity293
and macroporosity.294
4. Comparison with laboratory data and Discussion
4.1. Comparison between numerical predictions and experimental results
In the following we compare the elastic moduli obtained from wave velocity measure-295
ments to those predicted by our stiffness model, for the same porosity changes and initial296
conditions as in the experiments (Table 5). The comparison is aimed to assess the perfor-297
mance of the model to predict microstructure evolution from elastic properties. Numerical298
predictions were compared to experimental results for two end cases: (a) when the total299
porosity variation measured during the tests is attributed to a change of micropore vol-300
ume fraction only; and (b) when the total porosity variation measured during the tests301
is attributed to a change of macropore volume fraction only. In the absence of detailed302
experimental data on mudstone initial microstructure, the sensitivity of elastic moduli to303
micro- and macro- porosity variations was analyzed with different ratios of initial micro-304
porosity to macroporosity, as indicated in Table 5.305
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4.2. Discussion of the model for mudstone
Figure 11 shows the variations of mudstone bulk modulus with porosity changes. Sim-306
ilar trends were obtained for the shear modulus (not shown here for the sake of brevity).307
Note that the negative variation of total porosity measured in one of the mudstone sam-308
ples is due to precipitation and clogging. The decrease in bulk modulus measured in the309
mudstone samples during the flow through experiments never exceeded 5% of the initial310
elastic modulus. The total porosity variations measured at the different stages of the in-311
jection are equal to the chemical porosity variations, which confirms the quasi absence of312
pore compaction. The relative variation of porosity is of the order of 10%, with an initial313
porosity that never exceeds 50%, which corresponds to a maximum absolute change of314
porosity of 5%. The corresponding variations of mudstone elastic moduli fall in the range315
of experimental errors (±5%); therefore, the injection test results cannot be used to con-316
strain the model and infer the evolution of microstructure. Nevertheless, it can be noted317
that for the range of porosity variations measured experimentally, the maximum change318
in elastic moduli predicted by the model is of the order of 5%, which is in agreement with319
the wave velocity measurements recorded during the injection tests. A statistical dataset320
of pore size, specific surface and connectivity is needed to understand the conditions in321
which porosity changes are dominated by dissolution or compaction.322
4.3. Discussion of the model for packstone
Figures 12a and 12b show the influence of total and chemical porosity changes on the323
bulk and shear moduli of packstone. Total porosity changes were less than the chemical324
porosity changes, which confirmed that pore enlargement by dissolution was counter-325
balanced by pore shrinkage consequent to skeleton compaction. We calculated the varia-326
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tions of elastic moduli corresponding to the porosity increase measured in the experiments.327
If we assume that only microporosity (respectively, macroporosity) varies, variations of328
elastic moduli predicted by the model amount to 10 to 30% (respectively, 20 to 80 %)329
of the variations of elastic moduli calculated from wave velocity measurements. There-330
fore, the model does not capture the net porosity change, defined as the sum of chemical331
porosity change (positive) and mechanical porosity change (negative). It is hypothesized332
that microstructure changes are due to the dissolution of micrite at grain contacts, which333
could decrease wave velocity and elastic moduli, even for net porosity changes ranging334
between 5 and 10%.335
5. Conclusions
In this paper, we proposed a multi-scale computational procedure to express mudstone336
and packstone elastic moduli as functions of microstructure descriptors identified in SEM337
observations. Descriptors include micro-porosity, macro-porosity, and pore aspect ratio.338
We plotted the variations of elastic moduli against the total and chemical porosity changes339
measured during flow through experiments. In mudstones, bulk moduli changed by less340
than 5%. This trend was well-captured by the model. In packstones, the total porosity341
variation was 60% to 75% smaller than the chemical porosity variation, which shows342
that pore expansion due to dissolution was counter-balanced by pore shrinkage due to343
compaction. The changes of bulk and shear moduli with total porosity were under-344
estimated by 10% to 80% in the model predictions. The comparison between experimental345
and numerical results indicates that elastic property changes are controlled by macropore346
enlargement in mudstones, and by grain sliding in packstones.347
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The model can be used to relate the evolution of carbonate elastic moduli with that of348
macro- and micro- porosities, which influence the magnitude and rate of stiffness changes349
upon dissolution and compaction. Similarly to experimental data, model trends clearly350
highlight that (1) the depositional-inherited microstructure plays a fundamental role in the351
evolution of rock properties and (2) that the determination of macro- and micro-porosity352
variations is key to properly inform modeling schemes in carbonates.353
The methodology presented in this paper can be generalized to other chemo-mechanical354
processes studied in rocks, such as dislocations, glide, diffusive mass transfer, recrystal-355
lization and precipitation.356
Appendix A: Equations used in the self-consistent method
We determined the bulk and shear moduli of the porous micrite matrix (medium M1)357
by applying the self-consistent method [Berryman, 1980]:358
(KM1)n+1 =
Φ(2) ×K(2) × (P ∗)(2)n + (1− Φ(2))×K(1) × (P ∗)
(1)
n





Φ(2) ×G(2) × (Q∗)(2)n + (1− Φ(2))×G(1) × (Q∗)
(1)
n




The micrite porous matrix is denoted as “medium M1”, in which constituent 1 is micrite361
grains (K(1) = KCaCO3, G(1) = GCaCO3) and constitutent 2 is micropores (K(2) = 0,362
G(2) = 0). Φ(2) is the volumetric fraction of constituent 2 in medium M1. (P
∗)(1) and363
(Q∗)(1) are the “P and Q coefficients” of constituent 1 (micrite grains). (P ∗)(2) and (Q∗)(2)364
are the “P and Q coefficients” of constituent 2 (micropores). Micrite grains are considered365
as spherical elements, and micropores are considered as randomly oriented oblate spheroids366
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In which F1,..., F9 are functions of K(1), G(1) and the aspect ratio α = c/a (with a > c).372
Detailed expressions of F1,..., F9 are provided in the appendix of [Berryman, 1980] and373
are not repeated here. We note Φmicro and Φmacro the microporosity and macroporosity,374
respectively. We have: Φmicro = (1− Φmacro)× Φ(2).375
We determined the bulk and shear moduli of mudstone (medium M2) by applying the376
self-consistent method a second time. Constituent 1 was medium M1, and constituent377
2 was macropores. Therefore we applied formulas A1-A6, in which we replaced the M1378
subscript by the M2 subscript, and in which Φ(2) is the volumetric fraction of macropores379
in medium M2 (mudstone), with K(1) = KM1, G(1) = GM1, K(2) = 0, G(2) = 0. In380
this second computational step, (P ∗)(1) and (Q∗)(1) are the “P and Q coefficients” of381
constituent 1 (medium M1, micrite porous matrix). (P ∗)(2) and (Q∗)(2) are the “P and382
Q coefficients” of constituent 2 (macropores). The elements of micrite porous matrix383
are considered as spherical, and macropores are considered as randomly oriented oblate384
spheroids (axes of dimensions a = b > c).385
Similarly, for the skeleton of packstones (medium P2), we applied formulas A1-A2,386
in which we replaced the M1 subscript by the P2 subscript, and in which Φ(2) is the387
volumetric fraction of constituent 2 (medium P1) in medium P2, with K(1) = KCaCO3,388
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G(1) = GCaCO3, K(2) = KP1, G(2) = GP1. In this homogenization scheme, (P
∗)(1) and389
(Q∗)(1) are the “P and Q coefficients” of constituent 1 (calcite grains). (P ∗)(2) and (Q∗)(2)390
are the “P and Q coefficients” of constituent 2 (medium P1). Calcite grains and elements of391
micrite porous matrix were assumed to remain spherical upon dissolution and compaction,392
therefore (P ∗)(1), (Q∗)(1), (P ∗)(2) and (Q∗)(2) were calculated by means of formulas A3-A4.393
Acknowledgments. Upon request, the authors can provide all data necessary to un-394
derstand, evaluate, replicate, and build upon the reported research.395
References
Arson, C., and J.-M. Pereira (2013), Influence of damage on pore size distribution and396
permeability of rocks, International Journal for Numerical and Analytical Methods in397
Geomechanics, 37, 810–831.398
Arson, C., H. Xu, and F. Chester (2012), On the definition of damage in time-dependent399
healing models for salt rock, Géotechnique Letters, 2, 67–71.400
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Lüttge, A., and P. Metz (1993), Mechanism and kinetics of the reaction: 1 Dolomite + 2447
Quartz = 1 Diopside+ 2 CO2: a comparison of rock-sample and of powder experiments,448
Contributions to Mineralogy and Petrology, 115 (2), 155–164.449
Mavko, G., and T. Mukerji (1998), Bounds on low-frequency seismic velocities in partially450
saturated rocks, Geophysics, 63 (3), 918–924.451
Mavko, G., T. Mukerji, and J. Dvorkin (2009), The Rock Physics Handbook - Tools for452
Seismic Analysis of Porous Media, Second edition, Cambridge University Press.453
Mavko, G. M. (1980), Velocity and attenuation in partially molten rocks, Journal of454
Geophysical Research: Solid Earth (1978–2012), 85 (B10), 5173–5189.455
D R A F T September 2, 2015, 3:19pm D R A F T
ARSON AND VANORIO: CHEMO-MECHANICAL PORE-STIFFNESS MODEL X - 23
Mazzullo, S., and P. Harris (1992), Mesogenetic dissolution: its role in porosity develop-456
ment in carbonate reservoirs (1), AAPG bulletin, 76 (5), 607–620.457
Mazzullo, S., H. Rieke, and G. Chilingarian (1996), Carbonate Reservoir Characterization:458
A Geologic-Engineering Analysis, Part II: A Geologic-Engineering Analysis, vol. 44,459
Elsevier.460
McCrank, J., and D. C. Lawton (2009), Seismic characterization of a co 2 flood in the461
ardley coals, alberta, canada, The Leading Edge, 28 (7), 820–825.462
Meadows, M., D. Adams, R. Wright, A. Tura, S. Cole, and D. Lumley (2005), Rock physics463
analysis for time-lapse seismic at schiehallion field, north sea, Geophysical prospecting,464
53 (2), 205–213.465
Nur, C. T., A. M., and D. V. Thanh (1984), Seismic monitoring of thermal enhanced466
oil processes, in Proceedings of the 54th Annual International Meeting, SEG, Expanded467
Abstracts.468
Ortoleva, P., E. Merino, C. Moore, and J. Chadam (1987), Geochemical self-organization469
i: reaction-transport feedbacks and modeling approach, Am. J. Sci, 287 (10), 979–1007.470
Ortoleva, P. J. (1994), Geochemical self-organization, Oxford University Press: Clarendon471
Press.472
Pereira, J.-M., and C. Arson (2013), Retention and permeability properties of damaged473
porous rocks, Computers & Geotechnics, 48, 272–282.474
Scholz, C. H., A. Léger, and S. L. Karner (1995), Experimental diagenesis: Exploratory475
results, Geophysical research letters, 22 (6), 719–722.476
Schramke, J. A., D. M. Kerrick, and A. C. Lasaga (1987), The reaction muscovite+ quartz477
←→ andalusite+ k-feldspar+ water; part 1, growth kinetics and mechanism, American478
D R A F T September 2, 2015, 3:19pm D R A F T
X - 24 ARSON AND VANORIO: CHEMO-MECHANICAL PORE-STIFFNESS MODEL
Journal of Science, 287 (6), 517–559.479
Sprunt, E., and A. Nur (1977), Experimental study of effects of stress on solution rate,480
Journal of Geophysical Research, 82 (20), 3013–3022.481
Steefel, C. I., and K. Maher (2009), Fluid-rock interaction: A reactive transport approach,482
Reviews in mineralogy and geochemistry, 70 (1), 485–532.483
Tanner, S., D. Kerrick, and A. Lasaga (1985), Experimental kinetic study of the reaction;484
calcite+ quartz←→ wollastonite+ carbon dioxide, from 1 to 3 kilobars and 500 degrees485
to 850 degrees c, American Journal of Science, 285 (7), 577–620.486
Vanorio, T., and G. Mavko (2011), Laboratory measurements of the acoustic and transport487
properties of carbonate rocks and their link with the amount of microcrystalline matrix,488
Geophysics, 76 (4), E105–E115.489
Vanorio, T., A. Nur, and Y. Ebert (2011), Rock physics analysis and time-lapse rock490
imaging of geochemical effects due to the injection of co2 into reservoir rocks, Geophysics,491
76 (5), 23–33.492
Vanorio, T., Y. Ebert, and D. Grombacher (2014), What Laboratory-Induced Dissolution493
Tell us About Natural Diagenetic Trends of Carbonate Rocks (DOI 10.1144/SP406.4),494
Geological Society, London Special Publications, Agar, S. M. and Geiger, S. (eds).495
Wang, Z., M. E. Cates, and R. T. Langan (1998), Seismic monitoring of a co2 flood in a496
carbonate reservoir: A rock physics study, Geophysics, 63 (5), 1604–1617.497
Zhu, C., and C. Arson (2014a), A thermo-mechanical damage model for rock stiffness dur-498
ing anisotropic crack opening and closure, Acta Geotechnica, pp. DOI: 10.1007/s11,440–499
013–0281–0 (in press).500
D R A F T September 2, 2015, 3:19pm D R A F T
ARSON AND VANORIO: CHEMO-MECHANICAL PORE-STIFFNESS MODEL X - 25
Zhu, C., and C. Arson (2014b), A model of damage and healing coupling halite thermo-501
mechanical behavior to microstructure evolution, Geotechnical and Geological Engineer-502
ing, Special Issue: Thermo-hydro-mechanical behavior of soils and energy geostructures,503
p. (under review).504
Zhu, W., and T.-f. Wong (1997), The transition from brittle faulting to cataclastic flow:505
Permeability evolution, Journal of Geophysical Research: Solid Earth (1978–2012),506
102 (B2), 3027–3041.507
Zhu, W., C. David, and T.-f. Wong (1995), Network modeling of permeability evolution508
during cementation and hot isostatic pressing, Journal of Geophysical Research: Solid509
Earth (1978–2012), 100 (B8), 15,451–15,464.510
D R A F T September 2, 2015, 3:19pm D R A F T
X - 26 ARSON AND VANORIO: CHEMO-MECHANICAL PORE-STIFFNESS MODEL
Figure 1. Evolution of mudstone microstructure upon dissolution and compaction. A-B:
Enlargement of micropores embedded in the micrite porous matrix (A: before injection; B: after
injection). Red arrows indicate the dissolution of micrite. C-D: Cementation of micropores
embedded in the micrite porous matrix, by precipitation (C: before injection; D: after injection).
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Figure 2. Evolution of packstone microstructure upon dissolution and compaction. A-
B: Micrite porous matrix (A: before injection; B: after injection). Circles highlight areas of
the samples showing dissolution of microcrystalline calcite (i.e., micrite) that enhances macro-
porosity. In addition dissolution of micrite leads to compaction and topological re-arrangement
of grains (red arrow and red circle). C-D: Large calcite grains and micrite porous matrix (C:
before injection: D: after injection).
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Figure 3a. Geometry of large pores embedded in packstone solid skeleton. Finite tubes along
grain edges in 3D.
Figure 3b. Geometry of large pores embedded in packstone solid skeleton. Possible tube cross
sections.
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Figure 4. Elastic moduli of the porous micrite matrix in mudstone (medium M1). Initially,
micropores and micrite grains are spherical. When microporosity increases due to dissolution,
micropores become oblate spheroids of larger volume. Micrite grains decrease in size but remain
spherical.
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Figure 5. Evolution of the aspect ratio (α = c/a) of the micropores (respectively macropores)
at constant macroporosity (respectively microporosity) contained in mudstone. In the initial
state, micropores and macro pores are spherical, with a = b = c = 5µm and a = b = c = 100µm,
respectively. When porosity increases due to dissolution, pores become oblate spheroids of larger
volume: a = b > c = 5µm for micropores, and a = b > c = 100µm for macro pores. In the
simulation, the initial volumetric fraction of the micropores (respectively macropores) was 10%
(respectively 1%), in agreement to the orders of magnitude of porosity observed experimentally.
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Figure 6a. Variations of the bulk modulus of mudstone with microporosity and macroporos-
ity. Upon dissolution, the volume of pores increases and the aspect ratio of pores decreases.
Micropores and macropores are randomly oriented.
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Figure 6b. Variations of the shear modulus of mudstone with microporosity and macrop-
orosity. Upon dissolution, the volume of pores increases and the aspect ratio of pores decreases.
Micropores and macropores are randomly oriented.
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Figure 7. Variations of the bulk modulus of mudstone macropores during dissolution. Initially,
pores are spheres (a = b = c = 5µm for micropores, and a = b = c = 100µm for macropores).
Upon dissolution, pores become oblate spheroids (a = b > c).
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 − Hashin Shtrikman lower bound for P2
Figure 8a. Bulk modulus of the porous skeleton in packstone: micrite porous matrix (P1)
and packstone skeleton (P2). The skeleton is modeled as a canvas of spherical calcite grains of
constant volume fraction, and spherical elements of micrite porous matrix (medium P1) which
decrease in size upon dissolution.
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Figure 8b. Shear modulus of the porous skeleton in packstone: micrite porous matrix (P1)
and packstone skeleton (P2). The skeleton is modeled as a canvas of spherical calcite grains of
constant volume fraction, and spherical elements of micrite porous matrix (medium P1) which
decrease in size upon dissolution.
D R A F T September 2, 2015, 3:19pm D R A F T
X - 36 ARSON AND VANORIO: CHEMO-MECHANICAL PORE-STIFFNESS MODEL
0.4


























Figure 9. Evolution of macropore compressibility moduli with microporosity in packstone.
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Figure 10a. Evolution of packstone bulk modulus with microporosity and macroporosity.
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Figure 10b. Evolution of packstone shear modulus with microporosity and macroporosity.
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Figure 11. Evolution of mudstone bulk modulus with the variations of total porosity: measured
during the injection tests (dots); predicted by the model upon changes in macroporosity (MaP)
at constant microporosity (thick lines); predicted by the model upon changes in microporosity
(MiP) at constant macro porosity (thin lines). Moduli were normalized with respect to the
moduli of the rock in the initial state, before dissolution. Variations of the bulk modulus with
macroporosity were similar to those with macroporosity for fp10c and msa5a samples. Similar
trends were obtained with the model for Φ0micro/Φ
0
macro = 0.2; 0.5; 1; 2; 5.
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Figure 12a. Evolution of packstone bulk modulus with porosity variations: measured during
the injection tests (solid dots: total porosity changes; empty dots: chemical porosity changes
only); predicted by the model upon changes in macroporosity at constant microporosity (thick
lines); predicted by the model upon changes in microporosity at constant macro porosity (thin
lines). Moduli were normalized with respect to the moduli of the rock in the initial state, before
dissolution. For ma3c sample, the simulations were done for the two initial states of porosity
reported in Table 4.
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Figure 12b. Evolution of packstone shear modulus with porosity variations: measured during
the injection tests (solid dots: total porosity changes; empty dots: chemical porosity changes
only); predicted by the model upon changes in macroporosity at constant microporosity (thick
lines); predicted by the model upon changes in microporosity at constant macro porosity (thin
lines). Moduli were normalized with respect to the moduli of the rock in the initial state, before
dissolution. For ma3c sample, the simulations were done for the two initial states of porosity
reported in Table 4.
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Table 1. List of the sample core plugs used for the experiments.
Plug Name Formation Rock Type Depositional En-
vironment
Porosity (%) Pore Stiffness
(GPa)
MSA Monte S. Angelo mudstone basin to slope 0.2-10 0.08-0.6
FP Peschici packstone base-of-slope to
slope
0.3-15 0.02-0.1





MA Monte Acuto mudstone to
grainstone
basin to slope 20-30 0.01-0.1


















X X X X
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Table 3. Homogenization procedure to compute the bulk elastic moduli of mudstone.
Homogenization Step 1: Self-consistent method Step 2: Self-consistent method
Constituent 1
(matrix)
Micrite grains (Mic): spheres that decrease in
size upon dissolution
Porous micrite matrix (M1): spheres that de-
crease in size upon dissolution and compaction
K(1) = KCaCO3=71 GPa K(1) = KM1 from step 1
G(1) = GCaCO3= 32 GPa G(1) = GM1 from step 1
Constituent 2
(inclusion)
Micro-pores (MiP): spheres that grow into
oblate spheroids upon dissolution
Macro-pores (MaP): spheres that grow into
oblate spheroids upon dissolution
K(2) = KMiP=0 (drained) K(2) = KMaP=0 (drained)
G(2) = GMiP=0 G(2) = GMaP=0
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Table 4. Homogenization procedure to compute the bulk elastic moduli of packstone.








Micrite grains (Mic): spheres
that decrease in size upon dis-
solution
Calcite grains (Cal): spheres
that do not change in size upon
dissolution
Porous skeleton (P2)
K(1) = KCaCO3=71 GPa K(1) = KCaCO3=71 GPa K(1) = KP2 from step 2




that grow into oblate spheroids
upon dissolution
Micrite porous matrix
(P1=M1): spheres that de-
crease in size upon dissolution
and compaction
Tubular macro-pores (T), with
a cross section typical of inter-
granular space, parametrized by
a dimension and an angle of
curvature
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macro = 0.2; 0.5; 1; 2; 5




macro = 0.2; 0.5; 1; 2; 5
Micropore size (cmicro): 5× 10−6 m “fp10c” sample Φ0tot = 8% Φ0micro/Φ0macro = 0.2; 0.5; 1; 2; 5














Aspect Ratio of Micropores: 1 “ma6d” sample Φ0micro = 14.4% Φ
0
macro = 12% ΦCal = 60.8%
“ma5b” sample Φ0micro = 10.2% Φ
0
macro = 13.1% ΦCal = 38.2%
Micropore size (cmicro): 5× 10−6 m “ma3c” sample,
measure 1
Φ0micro = 14% Φ
0
macro = 12.4% ΦCal = 43.1%
“ma3c” sample,
measure 2
Φ0micro = 19.6% Φ
0
macro = 6.6% ΦCal = 30.3%




macro are the initial volume fractions of micropores and macropores,
respectively. ΦCal is the volume fraction of calcite grains (assumed constant throughout the tests).
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